The surface modification of the anatase titania nanoparticles prepared via a controlled nonhydrolytic sol-gel process is achieved by the formation of the bidentate coordination between titania and methacrylic acid (MAA) molecules. The in situ photocatalytic polymerization of methyl methacrylate (MMA) monomer is initiated by surface modified anatase titania nanoparticles under Xe lamp irradiation. A variety of techniques including differential scanning calorimetry (DSC), thermo-gravimetric analysis (TGA) and scanning electron microscopy (SEM) are employed to characterize the resulting materials. The glass transition temperatures and the thermal stabilities of polymethyl methacrylate (PMMA) composite materials prepared via photocatalytic polymerization are enhanced compared with pure polymer. The partial aggregation of titania nanoparticles in PMMA composite films is derived from the surface polymerization of MMA, which makes the inorganic particles hydrophobic and drives them to the water/oil interfaces.
Introduction
At present, titania has been considered as one of the most studied semiconductors and widely used in gas sensors [1] , as a pigment [2] , in solar-energy conversion [3, 4] and as a promising photocatalyst for water and air purification [5] because of its high oxidative power, chemical stability, low cost and nontoxicity [6] . Titania is also used as a photocatalyst to initiate polymerization of vinyl monomers without adding any photosensitizers, which has acquired important progresses in this aspect [7] [8] [9] . Ni et al. [7] studied the kinetics of the photopolymerization of methyl methacrylate initiated by titania nanopowders in aqueous suspensions. Damm and coworkers [8, 9] reported the influence of the properties of titania on the photocatalytic acrylate polymerization and also investigated the photopolymerization of an ethoxylated trisacrylate initiated by iron-doped titania particles. Most of the research articles concerned the photocatalytic polymerization induced by crystalline titania powders. A transparent anatase titania aqueous sol, however, as the photocatalyst to initiate polymerization of vinyl monomers has hardly ever been studied. The titania nanoparticles in the sol normally have smaller particle size (less than several tens nanometers) and less aggregation because of hydrophilic surfaces and electrostatic repulsion of nanoparticles. The in situ photocatalytic polymerization induced by titania aqueous sol may decrease the aggregation of inorganic nanoparticles in polymer matrices. With the increasing interests in the preparation of polymer/inorganic nanocomposites, including polymer/titania composite materials [10, 11] , the homogeneous dispersion of the inorganic nanoparticles in the polymer matrices avoiding macroscopic phase separation is very important at any time. Therefore, the surface functionalization of titania nanoparticles has attracted increasing attention. There have been several methods for the modification of titania particles. One is using a silane coupling agent to functionalize nanosized titania [12] [13] [14] . Second is encapsulating titania particles within organic polymers by various polymerization methods [15] [16] [17] . The third method is surface modification of the titania nanoparticles with bifunctional molecules [18, 19] . In this work, we report a practical and convenient method to prepare a stable and transparent anatase titania aqueous sol. This preparation method was based on a nonhydrolytic sol-gel process using titanium tetrachloride as precursor in ethanol solution. The solution was then dried at 80°C to produce anatase titania nanoparticles and they were dispersed in water to obtain the titania sols. After functionalization of the anatase titania surface with methacrylic acid coupling agent, the PMMA/titania composite materials were synthesized through an in situ photocatalytic polymerization of methyl methacrylate under Xe lamp irradiation. This preparation method is environmentally friendly approach because no organic solvent is used in the polymerization process. The influence of surface modification of anatase titania nanoparticles on the morphology and thermal properties of PMMA composite materials was investigated. A tentative mechanism for the partial aggregation of titania nanoparticles during photocatalytic polymerization process was also presented.
Experimental 2.1. Materials
Titanium (IV) chloride (TiCl 4 , chemical reagent grade), ethanol (EtOH, analytical reagent grade), methanol (MeOH, analytical reagent grade), methyl methacrylate (MMA, analytical reagent grade), azobisisobutyronitrile (AIBN, chemical reagent grade), methacrylic acid (MAA, analytical reagent grade) and tetrahydrofuran (THF, analyti-cal reagent grade) were purchased from Shanghai Chemical Reagent Company, Shanghai, China. MMA was purified by distillation and AIBN was recrystallized before use. TiCl 4 , ethanol, MAA, methanol and THF were used without further purification. Deionized water was used in the experiments.
Synthesis of anatase titania sol
The anatase titania sol was prepared by a convenient nonhydrolytic sol-gel method. Briefly, TiCl 4 was slowly added to anhydrous ethanol under vigorous stirring. The mixture was stirred magnetically at room temperature for 12 h and then dried at 80°C for 20 h to produce off-white powders. They were grinded by a ball mill (QM-3SP04, Nanjing University Instrument Plant, Nanjing, China) at room temperature for 24 h and the nanosized titania particles were obtained. The 5 wt% anatase titania sol was produced after dispersion of 1 g titania nanoparticles in 19 g deionized water.
Surface modification of anatase titania nanoparticles
The surface modification of anatase titania nanoparticles was performed by mixing 20 g 5 wt% anatase titania sol with different contents (0.11 or 0.25 g) of MAA coupling agent. The solution was then stirred magnetically at room temperature for 12 h in dark. The content of MAA in titania/MAA system was 10 and 20 wt%, respectively.
Preparation of PMMA/titania composite materials
The PMMA/titania composite materials were prepared by in situ photocatalytic polymerization of MMA in the presence of the surface modified anatase titania sol. The mixtures of 9 g MMA monomer and 20 g above mentioned surface modified anatase titania sol were deoxygenated by bubbling with nitrogen for 20 min. Then the glass flasks were sealed and the polymerization was carried out by exposing the flask to a XQ 500W Xe lamp (the distance of the glass flasks to the Xe lamp was 20 cm) with continuous stirring for 48 h at room temperature. The products were filtered and dissolved in a good solvent of PMMA (THF) fol-lowed by being precipitated in water. And then they were filtered and dried at 50°C for 48 h to obtain the PMMA/titania composite materials. For comparison, the polymerization of MMA using unmodified titania sol was also performed under the same experimental conditions.
Preparation of PMMA homopolymer
For comparison, PMMA homopolymer was also prepared via a conventional free radical polymerization described as follows. The monomer MMA and the initiator AIBN (0.2 wt% in the monomers) were added to a reaction flask and then polymerized at 70°C under nitrogen atmosphere for 12 h. The resulting polymer was purified by precipitating in methanol and then dried at room temperature under vacuum. The molecular weight (M w ) of PMMA was ~120 000 g/mol and its polydispersity (D) was 1.8.
Preparation of PMMA/titania composite films
To prepare PMMA/titania composite films, 2 g composite materials were dissolved in 15 g THF by vigorous stirring and the mixture was cast on a polyethylene terephthalate (PET) substrate and dried at 50°C in the oven for 10 h. For comparison, the PMMA/titania material via subsequent addition of titania was also prepared. 1.8 g PMMA homopolymer was dissolved in 15 g THF by vigorous stirring followed by the addition of 0.2 g the assynthesized titania nanoparticles with continuous stirring for 2 h. Then the mixture was also cast on a PET substrate and dried at 50°C in the oven for 10 h. The thickness of these composite films was in the range of 50-60 μm.
Measurements
FT-IR spectra were measured on a Nicolet NEXUS-470 spectrometer. The pure and modified titania nanoparticles were dried and washed with ethanol carefully. Then the powders were dried in a vacuum oven and pressed into KBr pellets for FTIR measurements. The absorption spectra of anatase titania sol was recorded using a Perkin-Elmer Lambda 35 UV/Vis spectrometer. The thermal stability of pure PMMA and the PMMA/titania com-posite materials was investigated by thermo-gravimetric analysis (TGA) using a Perkin-Elmer Pyris 1 thermogravimetric analyzer. The measurements were conducted at a heating rate of 20°C/min in air atmosphere. Differential scanning calorimetry (DSC) tests of pure PMMA and the composite materials were performed at a heating rate of 10°C/min in the nitrogen atmosphere using a Perkin-Elmer DSC-7 apparatus. Transmission electron microscopy (TEM) investigations were performed on a Hitachi H-600 microscope. The samples for TEM observation were prepared by adding 1-2 drops of the anatase titania sol on lacey carbon copper grids. The X-ray powder diffraction (XRD) patterns were measured on an X'Pert PRO (PANalytical) diffractometer at room temperature with CuK α radiation. XRD diagrams were obtained for the range of 2θ = 20-80°. The morphologies of the fractured surfaces of the PMMA/titania composite films were observed with a JSM-5600LV and SUPERSCAN SS-550 scanning electron microscope (SEM). The particle size and particle size distribution were determined by measurement of about 300 particles. Gel permeation chromatographic (GPC, Agilent 1100, USA) analysis was carried out at 30°C at a flow rate of 1ml/min using THF as the solvent. The instrument was calibrated using polystyrene as standard. Figure 1 shows the UV/Vis spectrum of the transparent anatase titania sol. It can be found that the sol has a strong absorption in UV region, while it is almost transparent in visible region. This is in accordance with its appearance detected by eye. No precipitation is found after 3 months, which indicates that the anatase titania sol is very stable at room temperature. Figure 2 presents the XRD patterns of the original titania nanoparticles obtained by the controlled nonhydrolytic sol-gel process and the dried titania sol. It is seen that there is almost no difference in the XRD patterns between these two kinds of nanoparticles. They both show well-defined diffraction peaks characteristic of anatase phase [20] and the crystal size determined by the Scherrer equation is about 9 nm. These facts suggest that crystallinity of the anatase titania nanoparticles is not affected after dispersion in water. Transmission electron microscopy (TEM) was used to examine the size of anatase titania sol as shown in Figure 3 . The average size of the titania nanoparticles in sol is around 20 nm, which is bigger than the crystal size determined by XRD. This is due to the incomplete crystallinity of these titania nanoparticles. The anatase titania nanoparticles may have applications in the photocatalytic polymerization and the preparation of polymer/titania nanocomposites.
Results and discussion 3.1. Properties of the anatase titania sol

FT-IR spectra of the modified anatase titania nanoparticles
The FT-IR spectra of anatase titania sol modified with different content of MAA after careful rinse are shown in Figure 4 . The original titania particles ( Figure 4a ) have no absorption peaks from 1400 to 1800 cm -1 except a strong bands at 1630 cm -1 which is the characteristic of bending vibration of water molecules [21] . For the samples after functionalized by MAA coupling agent (Figure 4b and  4c ), the peak at 1721 cm -1 is attributed to typical C=O vibration [22] and the bands at 1540, 1440, and 1410 cm -1 are due to the bidentate coordination between titanium centers and the carboxylic groups of MAA [19] . The FT-IR spectra confirm that the coupling agent is successfully bonded with the titania nanoparticles, which is used to improve the compatibility of PMMA and inorganic moiety. Figure 5 shows the DSC curves of the pure PMMA and the PMMA/titania composite materials at a heating rate of 10°C/min under nitrogen flow. All PMMA/titania composites obtained by photocatalytic polymerization exhibit an increased glass transition temperature (T g ) compared with pure PMMA (Figure 5a, T g~1 11°C) , which indicates the restrained mobility of the polymer chains in the composites. This is attributed to the intercalated polymer chains within titania particles that prevents their segmental motion. Moreover, the higher T g value of PMMA may also depend on the predominant syndiotacticity of the polymer prepared by photocatalytic polymerization [7] . The PMMA/titania composite obtained via photocatalytic polymerization by original anatase titania sol exhibits a glass transition temperature of 123°C (Figure 5b) , while the PMMA-functionalized titania composites show elevated T g values ranging from 127 to 129°C (Figure 5c and 5d) . Therefore, the interfacial strength becomes stronger by the addition of MAA coupling agent. These DSC results indicate that the PMMA produced by photocatalytic polymerization has surely enhanced glass transition temperature. And moreover, the T g values of PMMA composite materials is further increased by using MAA as coupling agent due to the formation of much stronger interactions between PMMA molecules and titania nanoparticles.
Glass transition temperatures of PMMA/titania composites
Thermal stabilities of PMMA/titania composites
The TGA curves of a pure PMMA and PMMA/titania composite materials with 10 wt% inorganic nanoparticles modified using different content of MAA as coupling agent are shown in Figure 6 . In general, for the thermal decomposition of pure PMMA (Figure 6a ), at least two degradation steps are clearly found and it starts decomposition at about 150°C. Previous works has proved that there are two steps in the thermo-oxidative degradation of PMMA. The first is due to the degradation of partially oxidized groups. The second is an attack of oxygen on the free radicals generated by random scission within the polymer chain [23, 24] . While there appears to be one step of weight loss for the composite materials starting at about 250°C and ending at about 400°C, which corresponds to the structural decomposition of the polymers. According to our previous work, the thermo-oxidative degradation mechanism of the PMMA/titania composite materials is such that titania may trap the free radical in the process of thermo-oxidative degradation of PMMA [25] . So evidently, the thermal decomposition of these composite materials shifts toward much higher temperature range than that of pure PMMA, which confirms the enhancement of thermal stability of PMMA by the introduction of titania nanoparticles. Furthermore, we clearly found that the T 0.5 (T 0.5 stands for the temperature at which 50% weight loss took place) of the to modify the surface of anatase titania nanoparticles is feasible, and MAA can successfully improve the interfacial interactions between titania and PMMA matrix. Therefore, PMMA composite materials with enhanced thermal properties can be conveniently prepared by photocatalytic polymerization using the anatase titania sol.
378 Wang et al. -eXPRESS Polymer Letters Vol.4, No.6 (2010) (Figure 7) were performed to examine the dispersion of the functionalized titania nanoparticles in the PMMA matrix. The fractured surface of the PMMA/titania composite film prepared via subsequent addition of the as-synthesized titania nanoparticles to PMMA solution was also characterized for comparison ( Figure 7a ). It is clearly found that the titania particles aggregate seriously and even deposit to the bottom of the PMMA composite film. The PMMA/titania composite films prepared via in situ polymerization have a much better distribution of inorganic particles as shown in Figure 7b -7d. For the better observation of dispersion of titania nanoparticles in PMMA matrix, the particle size and particle distribution of the PMMA/titania composites are also shown in Figure 7b -7d. The PMMA composite with non-functionalized titania indicates the obvious aggregation of inorganic particles and their distribution in the PMMA matrix is relatively poor (Figure 7b ). The size of about 67% titania particles is less than 300 nm, while a portion of inorganic component is larger than 1 μm. To some extent, the aggregation of titania nanoparticles is restricted by the preparation method of in situ photocatalytic polymerization. The dispersion of the titania particles modified with 10 and 20 wt% MAA coupling agent (Figure 7c and 7d) is improved significantly in PMMA matrix. Above 75% titania particles are less than 300 nm in size and no inorganic particles larger than 1 μm is found. The PMMA/titania composite with 20 wt% MAA shows a better distribution of titania particles in the PMMA matrix than the one with 10 wt% MAA. This may result from the existence of stronger interfacial interactions between polymer matrices and functionalized inorganic particles. However, these SEM observations of PMMA/titania composite films obviously deviate from our expectation because of the disagreement between the size of original titania nanoparticles (~20 nm) and the inorganic nanoparticles in PMMA matrices (hundreds of nanometers) even after the surface modification. This may be clarified by the reaction process of the photocatalytic polymerization of the monomer. Our tentative pro-posed mechanism for the aggregation of anatase titania nanoparticles is as follows. The coupling agent MAA is initially absorbed onto the titania nanoparticles via the bidentate coordination. This leads to surface polymerization of MMA, which produces hydrophobic patches on the titania nanoparticles. In our reaction system, oil component (MMA) is excessive compared with its soluble amount in water and there must be the interfaces of oil/water during stirring. It has been proved that the energy of attachment of a spherical nanoparticle to the oil/water interface is related to the wettability of the nanoparticles and the nanoparticles with intermediate hydrophobicity benefit to stabilize oil drops in water [26] . Therefore, this leads to the movement of hydrophobic titania nanoparticles and their aggregation on the interfaces of oil/water to form the structure similar with Pickering emulsion.
Conclusions
A transparent anatase titania aqueous sol is successfully prepared by a facile nonhydrolytic sol-gel reaction. The PMMA/titania composites are prepared by the photocatalytic polymerization using functionalized anatase titania sol. According to the DSC, TGA and SEM results, introduction of MAA is beneficial to improve the interfacial interaction between PMMA matrices and titania nanoparticles. The glass transition temperatures and thermal stabilities of the PMMA/titania composites are increased. Compared with direct blending, the PMMA/titania composite films prepared via in situ polymerization show a much better distribution of titania particles. The partial aggregation of titania nanoparticles in PMMA composite films is caused by the enhancement of hydrophobicity of inorganic nanoparticles and formation of the structure like Pickering emulsion.
